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EPITAXIAL SOLAR CELL FABRICATION
by
R. V. D'Aiello and P. H. Robinson
RCA Laboratories
Princeton, New Jersey 08540
SUMMARY
The use of silicon epitaxy has been studied for the fabrication of
solar cell structures. The flexibility offered by this method was used
to investigate solar cells having doping profiles designed to optimize
efficiency while maintaining suitability for-space applications. Mate-
rial properties were first studied to ensure that the epitaxial method
would produce silicon layers and junctions capable of satisfying the
basic solar cell requirements. Dichlorosilane (Sil^ Cl^ ) was used as the
silicon source material for the majority of structures investigated and
was found to yield good quality layers and junctions with reproducible
impurity profiles.
Diode characteristics and lifetimes in the epitaxial layers were
studied as a function of epitaxial growth conditions and doping profile.
In addition, the effects of different substrates and epitaxial post-
gettering on lifetime were investigated.
The pyrolytic decomposition of silane (SiH^ ) was also used to
study the epitaxial formation of highly doped junction layers on bulk
silicon wafers. The effects of junction layer thickness and bulk back-
ground doping level on cell performance, particularly open-circuit
voltage, were investigated.
The most successful solar cells were fabricated using dichloro-
silane to grow p/n layers on n substrates. The best performance was
obtained from a p~*"/p/n/n+ structure grown with an exponential grade in
the n-base layer. This cell had an AM-1 efficiency of 12.5%, with an
open-circuit voltage of 636 mV measured at 29°C ±2°C. Other structures
were studied and yielded good solar cell performance.
The alternate approach of growing highly doped junctions on bulk
silicon by the decomposition of silane was less successful. Degradation
of open-circuit voltage, cell performance, and diode characteristics
were found using this method.
While it was found that record high open-circuit voltages, ex-
cellent junction characteristics, and good efficiency could be obtained
by tailoring the doping profile using epitaxial techniques, further re-
search is required to fully realize the potential of this method. Areas
of further investigation should include:
(1) Base-layer gradients. An expanded study of the effect of
gradients in the doping profile of base layers on solar
cell performance.
(2) Surface layer profiles and gradients. A study of gradients
grown epitaxially into the surface layer of n/p and p/n
solar cell structures.
(3) Characterization of layer and junction defects. Identify
impurities and defects in epitaxial layers which are related
to limitations in solar, cell performance. Specifically,
methods should be developed to elucidate the mechanisms which
limit lifetime and contribute to less than "ideal" junction
characteristics.
I. INTRODUCTION
Traditionally, solar cells for space and terrestrial applications
have been made by diffusion into bulk silicon (ref. 1) . While^improve-
ments in the efficiency of these cells have been achieved (refs. 2,3),
because of the nature of the diffusion process for very shallow junction
depths, reproducibility is difficult and structural flexibility is
limited. Epitaxial growth of the layers provides a method whereby the
doping distribution and layer thickness can be readily adjusted to
optimize the solar cell structure (ref. 4). In addition, thin epitaxial
cells have been shown to be resistant to radiation damage associated
with space applications (refs. 5,6).
The present research was undertaken with the objective of ex-
ploring the use of silicon epitaxy in the fabrication of solar cell
structures. In particular, the effect of junction quality and doping
profile on the solar cell parameters as open-circuit voltage, fill-factor,
and efficiency were investigated. This work has included epitaxial
layer materials characterization, lifetime and diode characteristic
studies, and the fabrication and evaluation of solar cells grown by
several epitaxial techniques.
This Final Report describes the research performed during the
period 11 November 1974 to 10 November 1975.
The authors gratefully acknowledge the contributions to this re-
search made by: J. Jacklick, J. Murr, D. Patterson, F. Tarns III,
D. Tarangioli, and R. Wance. We would also like to thank Dr. Y. S.
Chiang for help in growing the silane layers.
II. BASIC MATERIAL AND JUNCTION REQUIREMENTS FOR
EFFICIENT SOLAR CELL OPERATION
Aside from the fundamental losses associated with the conversion
of photon energy -to electric current and voltage in solar cells, and the
losses related to such practical considerations as grid coverage and sur-
face reflections, the major loss in efficiency of a solar cell can be
attributed to the nonideal behavior of the junction current (ref. 7).
This nonideal behavior can often be traced to defects and impurities
related to high doping effects (ref. 8) in the bulk of the material or
in the vicinity of the junction.
Quantitatively, the power output (P ) of a solar cell can be
, TUflX
expressed as
P = F.F. x J x V (1)
max sc oc
where F.F. is the fill-factor, Jsc is the short-circuit current density,
and Voc is the cell open-circuit voltage. Obviously, each of these items
should be maximized for optimum efficiency. Although these three param-
eters are not independent, they are all affected by the form of.the
current-voltage (I-V) characteristic associated with the junction used
to collect the solar-generated current. In the ideal case, the junc-
tion current and voltage are related by the Shockley (ref. 9) equation:
J(V) = J [exp v/nV - 1] - J (2)
O O SC
where J = saturation current density
V = kT/q (thermal voltage)
n = 1 (ideal)
J = solar-generated short-circuit current density.
For a symmetrical and uniformly doped p/n junction, semi-infinite in ex-
tent, and neglecting space charge currents generated in the depletion
layers
'.-•>''.2£-V + i7lfTi' (3)
D p A n
where
n. = intrinsic carrier density for silicon
q = electron charge
D = diffusivity for electrons, holes
n,p
T = minority carrier lifetime for electrons, holes.
n,p
N . = doping density in n, p regions
\j $ A
From Eq. (1) the open-circuit voltage (V ) is:
[H= kT/q In |^ + 1| (4)
To maximize V , a low value of J and a high short-circuit cur-
rent are required. From Eq. (3), minimizing JQ requires long lifetimes
and high doping densities, a conflicting requirement in view of the
generally observed decrease in lifetime with increasing doping level.
The value of J0 is also sensitive to the assumption of a semi-
infinite cell structure, as the back contact or other back surface pro-
file affects the flow of minority carriers, resulting in modifications
to Eq. (3) (refs. 10, 11). These effects have been considered in the
literature (ref . 12) where it is shown that substantial improvement in
cell open-circuit voltage is observed for n/p/p+ structures (back sur-
face field cells) .
For practical junctions, the I-V relationship, Eq. (2), generally
takes the form:
[ i r (V-IR ) *iGXP STV- - l \ + Jol H "^ V^ " " 1 "1 O J L 1° J
where the terms associated with J-^ are due, in part, to space charge
generated currents, surface leakage, and shunting currents at localized
defects. Also n^ is generally greater than the ideal value of unity,
and J
 n is higher than J .ol 6 o
A comparison of these I-V characteristics is shown in Fig. 1 where
it can be seen that for a given short-circuit current density, the open-
circuit voltage is lower for the nonideal case. In addition to lower
V , the nonideal I-V curve yields a lower fill-factor because in the
region of voltage less than Vfi, the current increases less rapidly with
voltage due to the slope n^.
i CM
i O
i <
O)
o
3OO 400 50O 600
V(mV)
700
Figure 1. The effects of diode I-V characteristics
on solar cell parameters.
The short-circuit current density (Jsc) of a solar cell is deter-
mined primarily by its quantum efficiency. If all the photons contained
in the AM-1 solar spectrum between 0.4 and 1 ym were absorbed and con-
verted to a photocurrent in a cell with 100% quantum efficiency, the
result would be Jsc = 45 mA/cm2. The achievement of this limit re-
quires the following:
(1) Reduction in surface losses by having a low surface re-
combination velocity and reasonably long lifetime in the top
layer. In addition, "dead zones" in the doping profile near
the surface should be minimized. ;
(2) Active epitaxial layers of approximately 100-ym thickness,
since reasonably strong absorption of photons of wavelength
X = 1.0 ym contribute to J
sc
(3) The minority carrier diffusion length must then be at least
100 ym. This corresponds to a lifetime in p-layers, for example,
of ^5 ys.
If epitaxial layers are to be used in the fabrication of solar cells,
the basic material and junction requirements for efficient cell
performance are:
(1) The material must be relatively free of gross bulk defects
which cause excess junction currents. Defect-free layers
of 1^00-ym thickness are required.
(2) Junctions formed by the epitaxial process should yield near
"ideal" I-V characteristics.
(3) Reasonably long lifetimes should be obtained in both p- and
n-layers to provide good collection efficiency on both sides
of the junction.
The above specifications are minimum requirements for the use of
epitaxial methods in achieving high-efficiency solar cells. Addi-
tional benefits can be obtained from the epitaxial process by tailoring
the doping profile to maximize the collection efficiency. For example,
by epitaxy, it is relatively easy to grade the profile on one or both
sides of the junction with the doping density increasing with distance
away from the junction, providing a drift electric field which aids in
collecting photogenerated carriers. Such profiles were grown and
yielded an enhanced performance. These results are discussed in
Section V-C.
III.. EPITAXIAL TECHNIQUES
A. Apparatus and Techniques (Dichlorosilane)
In applying the epitaxial growth technique for the preparation of
silicon layers, it is necessary to find a volatile silicon compound which
is available in very high purity and can be reduced to elemental silicon
using heat and hydrogen. The most widely used technology at present is
based on the hydrogen reduction of either silicon tetrachloride or tri-
chlorosilane at temperatures from 1100° to 1200°C. Both of these are
liquids at room temperature, and are introduced into the reactor by
sweeping a carrier gas either through or over the liquid to pick up a
controlled amount of vapor. The concentration of the resulting gas mix-
ture depends on the vapor pressure of the chlorosilane and the geometry
of the vessel used to form the gas mixture. Since the vapor pressure is
a strong function of temperature, elaborate methods must be employed to
keep the concentration of the chlorosilane and, hence, the growth rate
constant.
Dichlorosilane has recently become available commercially in a purity
suitable for use as a source material for the epitaxial growth of silicon,
and has-several attributes which makes it attractive. At rqom tempera-
ture, it is a liquid with a vapor pressure of about 1.7 atm which means
it can be metered directly into the gas stream with a great degree of
accuracy. Furthermore, its overall reaction rate is very nearly inde-
pendent of temperature in the normal range of temperatures used for epi-
taxial growth. This means that deposition temperatures can be selected
which yield optimal control of dopant distribution without compromising
on growth rate which should lead to improved control of both thickness
and resistivity.
The growths were carried out using a horizontal reactor. The quartz
tube has a cross section of 5 x 10 cm and held a silicon carbide-coated
graphite susceptor that was 30.5 cm long. Heating was accomplished by
rf induction into the susceptor, which was inclined horizontally, and the
walls of the reactor were air-cooled. All the gases were metered into
the system from a control panel which provided automatic timing of the
deviation of each run. Hydrogen was obtained from a Pd-Ag diffusion cell.
Doping gases were arslne or diborane diluted with hydrogen at the 10- to
20-ppm level and were further diluted as needed before they were metered
into the reactant stream. Dichlorosilane was metered as a gas directly
from the cylinder, and temperatures were measured with an optical pyrom-
eter.
The substrates were either 1.5 or 2 in. in diameter, oriented 1.5 to
3° off the (111) plane toward the nearest (110) and were polished with
colloidal silica. They were cleaned prior to insertion into the epi-
taxial reactor using the method described by Kern and Puotinen (ref. 13)
and were further cleaned, i,n situ3 by etching with HC1 gas just prior to
growth. Most of the layers used in this work were grown at a rate of
5 ym/min; however, growth rates from 1 to ^ 20 ym/min were investigated.
B. Epitaxial Growth Using Silane
For the studies of thin (submicron) layers grown on bulk silicon
wafers, pyrolytic decomposition of silane was used in the epitaxial
growth. For this application, the silane method was selected because
doping levels in excess of 10^ -9 cm~3 and growth of epitaxial layers down
to ^ 0.25 ym can be obtained with more control than with the dichloro-
silane technique as it is used presently.
The silane layers were grown in a barrel reactor at a temperature
of 1100°C. No HC1 gas etching was done prior to the epitaxial growth.
The growth rate was 0.4 iam/min and profile was graded from ^5 x 1Q19
A/cm-* at the surface to /x-lQl? A/cm^ at the junction. Junction layers of
0.3, 1, and 3 ym were grown on bulk n and p silicon wafers having resis-
tivities ranging from 0.16 to 12 fi-cm. For p-layers, boron (diborane)
was used; the n-layers were grown using a combination of phosphine and
arsine in atomic ratio of 4:1. After the layers were grown, the reactor
was slow-cooled to 500°C at a rate of 10°C/min.
IV. CHARACTERIZATION OF EPITAXIAL LAYERS
To establish the suitability of the epitaxial method for the fabri-
cation of solar cell structures, the junction and material quality must
first be established. For this purpose, various layers containing a
junction were grown with doping profiles and layer thicknesses similar
to those required for solar cell structures. Spreading resistance
techniques were used to characterize the layers for resistivity, thick-
ness, and profile; mesa diodes were fabricated; lifetimes and diode I-V
characteristics were measured. The results of these measurements in
relation to the epitaxial growth parameters and the structure of the
layers are given in this section.
A. Measurement of Epitaxial Layer Profiles
Using Spreading Resistance
The use of spreading resistance for profile analysis of silicon
structures is becoming an established technique in the semiconductor
industry (refs. 14,15). In our laboratory we have used the Model
ASR-100* during the past four years for the analysis of a variety of
silicon devices and epitaxial structures.
The raw data output of our probe is digitized and punched on a
paper tape. The data is then fed to a computer for correction and
conversion to a concentration profile. Because of the nature of the
sample preparation (lapped, bevel-surface), there is a noise factor
of 1^0% rms on the concentration profiles.
Typical profiles for epitaxial structures intended to be uniform
in doping are shown in Figs. 2 and 3. Reproducibility of doping level
and thickness of such profiles was achieved well within %10%.
An important aspect of the work on solar cell structures involves
the growth of graded profiles. Such a graded structure is shown in
Fig. 4 where the grading structure is in the n-layer. This profile is
achieved by manually adjusting the arsine flow.meter as a prescribed
function of time during the layer growth. Presently, we are experi-
menting with mass-flow controllers under digital control.
*Model ASR-100, Automatic Spreading Resistance Probe, Solid State
Measurements, Inc., Monroeville, Pa. 15146.
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B. Lifetime Related To Epitaxial Parameters
1. Lifetime As a Function of Silicon Source Material. —• Three sources
(tanks) of dichlorosilane were used to grow the following two struc-
tures to establish a baseline with regard to minority carrier life-
time .
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n
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Mesa diodes were fabricated and the minority carrier lifetimes were
measured by the pulsed, reverse recovery, and open-circuit voltage tech-
niques described in Appendix B. The results of these measurements are
shown in Table I.
TABLE I. COMPARISON OF MEASURED L'IFETIMES FOR DIFFERENT TANKS OF
DICHLOROSILANE AND DIFFERENT RESISTIVITY LEVELS
Tank - Structure Lifetime (ns)
1 -
1 — —
2 -
2 -
3 -
3 -
II
I
II
I
II
I
480
< 300
228*5
1340
3400
1600
Tank 1 contains an unwanted impurity at sufficiently high concen-
trations to reduce the minority carrier lifetime significantly. Also,
as expected, the lifetime decreases with increasing doping levels.
This is the standard technique used on all new sources of dichlorosilane,
as received, and all recent material has been determined to be at the
2- to 3-ys level.
2. Effect of Growth Rate on Lifetime. - The same 10 to 10 A/cm p-on-
n structure just described was grown at 0.75, 2, 5, 10, 16 ym/min and
lifetimes measured. The lifetimes were found to be essentially con-
stant over the 2- to 16-ym/min growth rate range and varied between 2 and
2.5 ys. At a growth rate of 0.75 ym/min, however, the lifetime
dropped below 1 ys. It should be noted that the sample grown at 0.75
ym/min had poor cosmetics, which was due probably to the long time re-
quired to grow these layers at the low growth rate.
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3. Effect of n-Layer Thickness on Lifetime. - The same structure was
grown again, except the n-layer thickness was increased to 150 pm. The
lifetimes show no significant difference from those obtained using
50-tarn-thick n-layers. These data also suggest that the n/n+ interface
is not affecting the measured lifetime and that the lifetimes measured
are characteristic of the epitaxial layers.
4. Gettering. - In an attempt to obtain longer lifetimes, several
gettering techniques were applied to the p/n/n+ structures.
For the gettering experiments, samples from our previous epitaxial
runs having the shortest and the longest lifetime were selected. Each
wafer was sliced into three parts, and a matrix of gettering techniques
was performed to each wafer as follows:
No gettering
1200°C/1 h/slow cool @ 2°C/min to 700°C
1200°C/1 h/slow cool @ 2°C/min to 700°C
After gettering, 40-mil-diameter mesa-type diodes were formed,
having top (Al) and bottom (Cr/Ni) metallization. Lifetime was
measured on these diodes using the reverse recovery and the open-
circuit recovery techniques. The results of the analysis of these
data are shown in Table II.
Several conclusions can be drawn from these data. First, gettering
was ineffective on the low lifetime material, indicating that the life-
time killers in this sample are not heavy metals (i.e., Cu, Fe) since
these are known to be reduced in concentration by phosphorus gettering
(ref. 16). Second, gettering on the higher lifetime samples was effec-
tive, yielding a 45% increase in lifetime for the lapped sample and a
20% increase for the phosphorus-gettered sample. This.indicates that
as the ungetterable lifetime killers are reduced by improved epitaxial
growth techniques, gettering will become more effective.
5. The Effect of Carrier Concentration in Active Layers and Substrates.
There have been reports (ref. 16) that an improvement in the minority
carrier lifetime of epitaxial silicon layers can be obtained with the
use of substrates heavily doped with phosphorus. We have observed this
(a) POC13 prediffusion into back of wafer at 1050°C for 20 rain.
(b) Back of wafer lapped with silicon carbide grit (20 ym) to form
dislocations which act as sinks for contaminants.
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TABLE II. SUMMARY OF THE EFFECT OF GETTERING ON LIFETIME
Initial State
Low Lifetime High Lifetime
Sample* Sample*
Control Wafer
POC1 -gettered
Lapped— back
- \
TRR
(ns)
820
820
550
oc
(ns)
720
670
520
TRR
(ns)
2100
2500
3050
oc
(ns)
1000
2310
3340
*Both samples were p/n/n epitaxial layers with 10 ym
of p at N 16 31 x 10 A/cm and a 50-ym n-layer with
N.D
15
2 x 10 A/cm
effect and have measured lifetimes as high as about 15 ps on epitaxial
layers doped in the 10-*-^  A/cm^ range. Figure 5 shows a plot of minority
carrier lifetime vs carrier concentration for 50-pm-thick epitaxial
layers on antimony-, phosphorus-, and arsenic-doped substrates. The
best epitaxial solar cell performance obtained to date has been with
phosphorus-doped n substrates.
C. Diode I-V Characteristics
The exact form of the forward I-V characteristic plays an important
role in determining solar cell efficiency. Accordingly, the I-V charac-
teristics of diodes made from epitaxial p/n/n+ and n/p/p structures
were studied in detail.
The diodes were prepared by first metallizing both sides of each
wafer: saliimirium on;the:side closest to the junction, and chromium/
nickel on the back. Mesa diodes 0.036 in. in diameter were formed by
etching 2 mils deep into the silicon using a 40-mil-diameter wax mask.
The diodes were then separated by scribing, soldered onto headers (TO-5),
and ultrasonically bonded using a 2-mil aluminum wire. .
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Figure 5. Lifetime as a function of doping
level for p/n epitaxial layers.
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The I-V characteristics of the device under test (DUT) were measured
using the circuit shown in Fig. 6, and the data were plotted on a semi-
logarithmic scale in order to determine the parameters which character-
ize the p/n and n/p junctions.
The data were analyzed by assuming a diode current of the form
JT(V) = JQ1 exp [qV/n2kT-l]
•xx-
J,
exp[qV/nkT-l] (6)
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Figure 6. Circuit for diode I-V measurement,
J and n were obtained by plotting £n [J - J~] versus voltage, and
extracting the slope and intercept.*
_l_ [ j
1. p/n/n and p/n/n Structures. - Measured I-V curves f for: p-/n .junctions
grown on 5 x 1Q18 A/cm3 n+ antimony-doped substrates are shown in
Figs. 7 and 8. Figure 9 shows similar data for p/n/n"1"1" layers grown on
1 x 10^ n"*"1" phosphorus-doped substrates. The junction n factors and J
saturation currents are given in each figure. The data indicate that
the epitaxial junctions have good I-V characteristics and that the
junctions grown on n phosphorus substrates are somewhat better than
the junction layers grown on n+ antimony-doped substrates.
*This method was suggested by'H. W. Brandhorst of NASA-Lewis .Research
Center, Cleveland, Ohio.
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2. n/p/p Structures. - Similar data are presented for diodes in
Figs. 10, 11, and 12 for the complementary n/p junction layers grown on
boron-doped p+ substrates.. Equally good I-V characteristics are obtained
for this case.
It should be noted that the recombination-related current density
generally increases for the higher doped p-base structures having the
lower lifetimes.
The variation of measured lifetime with p-layer acceptor concen-
tration is shown in Fig. 13. The lifetime values and variation .with
concentration are similar to those for the p/n epitaxial layers in
Fig. 5.
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V. SOLAR CELL FABRICATION AND PERFORMANCE - p/n/n+ STRUCTURES
Having established the material and junction characteristics in
relation to the growth conditions for the epitaxial layers, we fabricated
and evaluated solar cells. In this section, solar cell performance for
p/n/n+ structures grown using dichlorosilane is described and related to
the epitaxial cell structure and to the junction I—V characteristics.
Cells having an epitaxial p/n/n+ structure were studied having
either a uniformly doped n-base or an intentionally graded n-base layer.
The effect of adding a p+ diffusion to the surface layer resulting in a
p /p/n/n structure is described.
A. Cell Fabrication and Measurements
The fabrication procedures described here apply only to the epi-
taxial p/n/n structures.
After the epitaxial layers were grown, the layers were character-
ized for thickness and doping density profile by spreading resistance
techniques. Wafers were then processed into solar cells and diagnostic
diodes by the following processing steps:
(1) Clean wafers in (a) H202/H2S04 (1:1) solution, (b) H20/H202/
NH30H (4:1:1), boiling for 10 min, (c) H20/H202/HC1 (5:1:1),
boiling for 10 min. (Rinse in filtered DI water between
each cleaning step.)
(2) Diffuse p+ using boron-doped oxide, deposited at 370°C from
silane, followed by 925°C drive-in for 2 h. Slow cool to
675°C at 2°C/min. Open tube furnace with argon flowing.*
(3) Strip oxides; clean.
(4) Evaporate Cr/Au, ^ 200 £/4000 A, through metal mask, forming
top finger contact.
(5) Evaporate Cr/Ni, 300 A"/! ym, back contact.
*In initial experiments, this step was not used; instead, a thermal oxide
was grown at 900°C for 20 min. The oxide serves as the AR coating and
surface passivant. This was followed by a photoresist step to open con-
tact areas for metallization. The metal pattern was later defined by an
additional photoresist step. A comparison of cells fabricated on similar
epitaxial structures by both procedures is given in Section V-C.
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(6) Evaporate 700 &, A1203 AR coating.*
(7) Mesa etch to a depth of 0.00504 cm (2 mils) to define junction.
A photomicrograph of one-half of a completed wafer containing one
cell and six diagnostic diodes is shown in Fig. 14. The cell contact
geometry is shown in schematic detail in Fig. 15. For this geometry,
it can be shown (ref. 3) that if the surface layer sheet resistance is
RQ ^ /D> then the portion of the series resistance of the cell contributed
by the top layer is given by
R = - x x - (7)
S 8 W
 (n-1)2
where & is the length and w the width, and n is the number of fingers.
For a typical value of RD = 100 fi/D, Rg = 0.28 Q.
The area .coverage for this pattern is 14%, a value not optimized
for minimum area coverage.
Spectral response curves and illuminated I-V characteristics for
the solar cells were measured using an;AM-l simulator described in
Appendix B. Solar cell performance was also measured under New Jersey
sunlight conditions. In all cases, the radiation intensity was measured
using calibrated solar cells provided by NASA.**
Dark I-V characteristics were measured on cells and diagnostic
diodes by conventional
 : four-point techniques. The lifetimes were ob-
tained from measurements of -open-circuit voltage and reverse recovery
methods as described in Appendix A.
B. p/n/n Epitaxial Cells
Initial experiments were conducted on p/n/n epitaxial cells with
no p+ diffusion into the surface layer. To evaluate the effects of the
doping profile, three cell profiles were grown having nominally the.
same layer thickness, but different doping density profiles in the p-
and n-layers. These structures are shown in Figs. 16, 17, and 18. The
first (Fig. 16) contains an approximate exponential gradient in the n-
base, and the second (Fig. 17) has a uniform n-base with a gradient
only in the p-surface layer. The third structure (Fig. 18) is uniformly
*This step is omitted if a thermal oxide is used in step 2.
**Cells and calibration data provided by H. Brandhorst and C. Swartz
;of NASA-Lewis Research. Center, Cleveland, Ohio.
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Figure 14. Photomicrograph of solar cell and diagnostic diodes.
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doped on both sides of the junction. These profiles were achieved by
control of the dopant gas flow during epitaxial growth.
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The important cell parameters are summarized in Table III, and the
illuminated I-V curves are given in Figs. 19, 20, and 21. Spectral
response curves are shown in Fig. 22.
TABLE III. SOLAR PARAMETERS FOR THREE EPITAXIAL CELL STRUCTURES
Solar
!
 j r v P or Lamp
sc SC? oc F.F. max „ n Intensity
(mA/cm ) (mV) (mW/cm ) (%) (mW/cm2)
Cell #664204
Uniform p/graded n
Sun 24.1 589 0.78 11.0 11.1 99
AM-1 23.5 588 0.78 10.9 11.0 94
AM-O(a) 26.7 592 0.79 12.5 9.3 135.3
Cell #665996
Graded p/uniform n
SUM 22.8 572 0.75 9.8 10.1 97
AM-1 22.9 576 0.78 10.3 10.3 100
AM-09te) 25.4 578 0.79 11.6 8.6 135.3
Cell #573360
Uniform p/uniform n
Sun 16.4 579 0.77 7.3 7.4 98
AM-1 16.8 584 0.78 7.7 7.7 100
AM-O(a) 19.1 588 0.78 8.8 6.5 135.3
(a) Measured at NASA-Lewis with AM-0 simulator.
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From these data, several tentative conclusions were drawn which
indicated a direction for improvement in cell performance described
later in Section C. These are:
(1) Cells with graded profiles outperformed uniformly doped
cells.
(2) The cell with a graded n-base has the best overall parameters
and spectral response.
(3) High open-circuit voltages result from these structures.
Highest Voe is obtained for the structure with graded n-base.
(4) All cell structures suffer from poor Blue response. In
particular, the cell with a uniform p—surface layer has the
poorest low wavelength response.
(5) Good fill-factors and high open-circuit voltages indicate
good junction quality.
As a consequence of these observations, it was decided to study
graded structures in more detail. The poor blue response indicates that
improvements are needed in the surface layer. For this reason, narrower
p-layers were grown and a p+ surface diffused layer was incorporated in
later structures. The p+ diffused region provides a drift field which,
aids the motion of electrons toward the p/n junction (ref 18). In
principle, this gradient can be obtained by epitaxial methods; however,
the particular gas system and reactor combination used in our laboratory-
was limited to surface concentration of less than 10^ 8 A/cm3.
The use of epitaxial techniques to grow the n-tase and p—layer,
combined with a p diffusion allows for the studyjof p /p/n/n structures
containing a graded-base (refs. 19, 20) and a graded surface layer.
Such a structure is described in the next section.
i j i
C. p /p/n/n Graded Base Structures
To more fully evaluate epitaxial graded-base solar cells, two
epitaxial structures were grown and studied in detail.
The resulting profiles for these two structures obtained from
spreading resistance measurements are shown in Figs. 23(a) and (b).
In the insets of these figures, the dashed curves representing the p+
diffusions are approximate representations, as the spreading resistance
technique is subject to great errors for very, shallow diffusions
(ref. 21). The p+ diffusion and cell fabrication were done by the
method described in Section V-A. The resulting measured four-point
sheet resistance of the p+ diffusion was 85 Q/D. Our experience, and
other measurements, indicate that the surface concentration of this p+
layer is <7 x 1Q19 A/cm3.
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For additional comparison, a 1-ft-cm bulk silicon wafer was simul-
taneously diffused and processed along with the epitaxial wafer. No
back contact diffusion was performed on this sample, resulting in a
p"*"/n solar cell.
Current-voltage characteristics were measured both in New Jersey
sunlight and under the solar simulator lamp. The results of these
measurements for the epitaxial and diffused cells are shown in Figs.
24(a) and (b) and 25, and a summary of the solar cell parameters is
given in Table IV. The spectral response curves shown in Fig. 26 show
that a better blue response is obtained for these cells than for the
previous ones, not containing a p diffusion.
Several points should be considered when comparing these data with
other solar cells. First, the top metal area coverage is ^ 14%, which is
a relatively large value as most high-efficiency cells are made with
less than 10% metal coverage. These epitaxial cells did not suffer
from excessive series resistance (the total measured series resistance
was 0^.2 ft), indicating that the metal coverage can be reduced. Secondly,
the peak quantum efficiency for epitaxial cell #729090 is only 78%, a
value limited partially by the A1203 .antireflection coating. The re-
flection coefficient of the 700-A Al2C>3 coating as a function of wave-
length is shown in Fig. 27. The data were obtained on a Gary Model #14
spectrophotometer operating in the reflection mode and using an aluminum
mirror for reference. The reflection coefficient at the A/4 minimum of
9% is considerably higher than that obtained with more optimum coatings
such as
D. Evaluation of Epitaxial Cell Performance
The epitaxial cells performed well in most cell parameters, with
record-high open-circuit voltage obtained for the graded base structure.
High fill-factors and open-circuit voltage result, for the most: part,
from the near ideal current-voltage characteristics of the grown epi-
taxial junctions. This is seen, for example, by the dark I-V curves
for the graded n-base structure #729090 and the uniform base cell
#665995-2 shown in Figs. 28 and 29. In particular, for the graded
base structure, the n factor of 1.03 and JQ of 9 x 10~*3 A/cm2 in the
diffusion-limited portion of the I-V curve, are close to the theoret-
ically expected values. As a comparison, the dark I-V curves for the
p+/n solar cell fabricated by diffusion, shown in Fig. 30, have n = 1.31
and J0 = 6.6 x lO"10 A/cm2.
It should be noted that low-level recombination or shunting currents
exist in both the epitaxial and diffused cells. Although this current is
lower (compare Figs. 28 and 30 at V^ = 0.3 volt) for the epitaxial cells,
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TABLE IV. SOLAR CELL PARAMETERS FOR TWO EPITAXIAL AND ONE DIFFUSED CELL
J
sc 2
(mA/cm )
V
oc F.F.
(mV)
p
max 2 *!
(mW/cm ) (%)
Solar
or Lamp
Intensity
(mW/cm2)
Cell #729090
!p+/p/n/n++ graded n
Sun 24.5 636 0.79 12.3 12.5 98
AM-1 25.1 630 0.79 12.5 12.5 100
AM-0<§) 28.3 632 0.79 14.1 10.4 135.3
Cell #665996-2
> p+/p/n/n"H" uniform n
Sun 25.0 603 0.80 12.1 12.3 98
AM-1 25.3 606 0.80 12.3 12.3 100
28.8 608 0.80 14.1 10.4 135.3
Diffused:p+/n bulk
S\m 28.9 530 0.67 10.4 10.6 98
AM-1 29.9 532 0.68 10.8 10.8 100
(a) Measured at NASA-Lewis.
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it represents a slight loss in efficiency. The origin of these currents
and methods of reducing them were not studied under this contract and
thus represent an area for further investigation.
2
The moderate short-circuit current densities (^ 25 mA/cm under AM-1
illumination) obtained with all epitaxial cells indicate an area for
efficiency improvement. In addition to excessive metallization and sur-
face reflection, our best cells were only ^40 pm in total thickness.
Thicker cells with graded profiles should result in increased collection
of carriers generated at longer wavelengths yielding higher short—circuit
current.
As a final, but very important point, in the epitaxial cells re-
ported here, surface layer thicknesses ranged from a low value of 1 ym
to 4 ym. These values are quite large when compared with the 0.1— to
0.2-ym junction depths commonly used in high-efficiency diffused cells.
Although very high short-circuit currents were not obtained, moderately
high efficiencies (12.5%) and very high open-circuit voltage C636 mV)
were achieved, and it is anticipated that improvements in short-circuit
current are possible by proper surface treatment and surface layer pro-
filing. With these improvements, the epitaxial method would alleviate
the major difficulties of reproducibility and high sheet resistance
associated with extremely shallow diffused junctions.
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VI. CELLS FABRICATED WITH A SINGLE EPITAXIAL LAYER
ON BULK SILICON
A. Obj ectives and Method
The objective of this work and the method of cell fabrication
differ from the experiments reported in the previous sections. The
major objective is to study junctions and solar cells formed by the
growth of a single epitaxial layer on bulk silicon wafers and to ob-
serve the solar cell parameters, in particular open-circuit voltage, as
a function of the bulk silicon resistivity and epitaxial surface layer
thickness. Both n- and p-type <111> oriented, float-zone (FZ) silicon
wafers with nominal resistivities of 0.1, 1, and 10 fi-cm were used* as
the substrates for the epitaxial layers. Junction depths of 0.3, 1, and
3 ;im with a surface concentration of ^ 5 x IQ^ A/cm"3 were studied.
These layers were grown by the pyrolytic decomposition of silane as
described in Section II-B of this report. Solar cells and mesa diodes
were fabricated and evaluated l-y similar methods described for the
p/n/n+ structures.
As a baseline for these studies, diffused n /p and p /n cells were
also fabricated by direct diffusion of phosphorus and boron into the
same type bulk wafers.
B. Experimental Results - Summary
A matrix of 18 epitaxial samples was completed, comprising grown
junctions of 0.3, 1, and 3 ym on bulk n- and p—type silicon of 'v/O.l, 1,
and 10 fi-cm. In addition, three diffused cells were fabricated for
comparison. Small area mesa diodes (1.7 x 10~2 cmr) and solar cells
(2.18 cm^) were fabricated and evaluated. The cell grid pattern and
geometry are the same as that shown in Figs. 14 and 15. Metallization
is Cr/Au for top grid pattern and Cr/Ni for back contact. An AR
coating of 750 R Al?0- was evaporated on all cells.
The quality of the epitaxial junctions and cell efficiency varied
widely, with the n+/p cells showing consistently better performance.
The highest efficiency was 8.3% (AM-1) for an n+/p cen with a 1-um
junction depth on a 10-ft-cm p-bulk wafer.
In general, the junction quality deteriorated for the 0.1-fi-cm
samples, resulting in lower fill-factors and open-circuit voltages than
would theoretically be expected for this bulk resistivity.
*0btained from the Wacker Chemical Co.
50
The diffused cells showed slightly better performance, with a maxi-
mum AM-1 efficiency of 10.2% for an h+/p (0.1 fi-cm) sample.
C. Electrical Characteristics
For each sample, solar I-V characteristics were measured; dark I-V
curves and lifetimes were obtained on the cells and diagnostic diodes.
A summary of the solar cell performance for the epitaxial and diffused
cells is given in Table V. Several conclusions can be drawn from these
data: (1) Epitaxial junctions grown directly on bulk silicon by the
pyrolytic decomposition of silane are not better than those obtained by
diffusion into the same material. (2) The difficulties of obtaining
high open-circuit voltage and good diode characteristics on highly
doped bulk samples (pDulk £ 0.1 ^ ~cm) are not alleviated by this epi-
taxial method. (3) The n-type (P + As) epitaxial layers on p-bulk form
a better-quality junction than the p+ (boron) junctions.
Focusing, for example, on the 0.16-fi-cm p-bulk samples of 0.3—pm
junction depth, we see that the diffused cell has higher efficiency
(10.2% vs 5.9%), higher fill-factor (0.70 vs 0.61), and higher short-
circuit current density (24 mA/cm^ vs 16.6 mA/cm ) than the epitaxial
cell. The dark I—V characteristics for these cells and one adjacent
diode are shown in Figs. 31 and 32, where it is seen that the n factor
and saturation current density are closer to ideal for the diffused
junction. It should also be noted that there is a higher leakage cur-
rent density in the cells than in the small diodes, and that this is
more pronounced in the epitaxial case.
For comparison of the effect of background doping level and junc-
tion depth, the dark I-V characteristics for epitaxial n+/p samples of
10-fi-cm resistivity with junction depths of 0.3 ym and 3 pm are shown in
Figs. 33 and 34. At the same junction depth (0.3 ym) as for Fig. 31, it
is seen that the I-V characteristics for the cell and diode are improved
over the 0.16-fi-cm background doping level. A more significant im-
provement is seen in Fig. 34 for the 3-ym junction depth into 10-fi-cm
material. This cell had the highest fill-factor (0.81).
The p /n junctions were of poorer quality than the n /p junctions;
see Fig. 35.
D. Open-Circuit Voltage
The simple theory of an ideal n /p (bulk) junction shows that the
open-circuit voltage (V ) increases at the rate of 60 mV for each dec-
ade increase in bulk carrier concentration. That this rate of increase
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10-1
10-2
~ I
n >_ 2.0
JQ >_ 3 x 10"7 A/cm2
10-3
10-4
10-5
10-6
10-7
10-8
0 0.2
JQ = 7.5 x 10~10 A/cm2
n+ epi/p Bulk
0.3 ym/0.16 n-cm
I I
0.4 0.6
V (volts)
0.8 1.0 1.2
Figure 31. I-V characteristics for n+(epi)/p(bulk) solar cell
and mesa diode, p-bulk resistivity = 0.16|^ -cm.
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10-1
10"
10-J
10-4
10"5
10-6
10"
10"
I I
n = 1.18
JQ = 3 x 10"11 A/cm2
J = 8 x 10~12 A/cm2
I / I I I
0.2 0.4 0.6
V (volts)
0.8 1.0 1.2
Figure 32. I-V characteristics for diffused n+/p(bulk) solar cell
and mesa diode, p-bulk resistivity = 0.16 fi-cm. ".
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10-1
10-2
10-3
10-4
10-5
10-6
10-7
10-8
I
Cell
n = 1.8
JQ = 1.5 x 10"7 A/cm2
n = 1.17
JQ = 1.5 x 10"9 A/cm2
n+ epi/p Bulk
0.3 pm/10 n-cm
0.2 0.4 0.6 0.8
V (volts)
1.0 1.2
Figure 33. I-V characteristics for n+(epi)/p(bulk) solar cell
and mesa diode, p-bulk resistivity = 10 fi-cm.
n"1" thickness = 0.3 pm.
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10
-1
10-2
10-3
10"
10-5
10-6
10"
10-8
n = 1.14
JQ = 6 x 10"10 A/cm2
in ?JQ = 5 x 10 u A/cnT
n+ epi/p Bulk
3 urn/10 n-cm
0.2 0.4 0.6
V (volts)
U78 ITO 1.2
Figure 34. |I-V characteristics for n+(epi)p(bulk) solar
I cell and mesa diode, p-bulk resistivity =
110 f2-cm. n+ thickness = 0.3 vm.
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10-1
10-2
10-3
10"
10-5
10-6
Cell
p+ epi/n Bulk
0.3 ym/10 Q-cm
10-7
10-8
0.2 0.4 0.6
V (volts)
0.8 1.0 1.2
Figure 35. I-V characteristics for p+(epi)/n(bulk) solar
cell and mesa diode, n-bulk resistivity = 10
fi-cm. p+ thickness =0.3 ym.
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does not occur for the epitaxial n+/p cells is shown in Fig. 36, where
the average Voc for the nine n+/p solar cells is plotted versus the
bulk background acceptor concentration. It is seen that the increase
in open-circuit voltage begins to fall below the theoretical 60 mV/decade
as the base resistivity decreases toward 0.16 ft-cm.
That defects in the vicinity of the junction begin to affect cell
performance for low bulk resistivities is evidenced by an examination of
the dark I-V characteristics which reveals that the 0.16-8-cm samples
have dominant recombination and shunting currents (slope n = 2) up to
535 mV, a value 100 to 150 mV higher than that of the 10-fi-cm samples.
These results are similar to the experiences of other workers
(refs. 8,22) who have studied diffused cells in low-resistivity bulk
silicon, and indicate that the mechanisms which limit open-circuit
voltage and cell performance are not alleviated by the particular epi-
taxial technique used here.
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Figure 36. Comparison of measured and theoretical open-circuit
voltage as a function of bulk, base layer carrier
.concentration for n+(epi)/p solar cells. Each data
point is an average of three cells.
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VII. CONCLUSIONS
A. Epitaxial Solar Cells Fabricated Using Dichlorosilane
The major conclusions drawn from the work conducted under this con-
tract may be summarized by the following list of attributes which we
have observed concerning epitaxial junctions, layers, and solar cells:
(1) The epitaxial method offers a degree of flexibility in
profile tailoring which allows for the optimization of
solar cell structures. This has been demonstrated in
our work by the use of intentionally graded base layers,
which yielded solar cells with record-high open-circuit
voltage.
(2) Good quality junctions are formed by the epitaxial method
with nearly ideal current-voltage characteristics. This
results in high open-circuit voltage and high fill—factor.
We have fabricated epitaxial junctions with the n factor
equal to 1.03 and saturation current density as low as
9 x 10~13 A/cm2.
(3) Moderately high efficiency cells can be made without re-
sorting to very shallow junctions. We have fabricated
epitaxial cells having 4-ym surface layers, which yielded
an AM-1 efficiency of 10.9%. Cells with 1-ym surface
layers were 12.5% efficient, which should be compared with
commercial diffused cells that typically have 0.15- to
0.5-ym diffused layer thickness. Thicker surface layers
with lower sheet resistance would allow a greater flex-
ibility in future cell designs.
(4) In addition, although not specifically studied under this
contract, it is anticipated by the work reported on thin
cells (ref. 6) that epitaxial cells will show good resis-
tance to the damage caused by radiation in space applica-
tions.
We have found that the method of growth of silicon layers using
dichlorosilane is a reliable and reproducible method for the formation
of solar cell structures. High growth rates were achieved without
sacrificing material quality. Most cell structures were grown at
5 ym/min so that a typical cell of ^ 50-ym thickness can be grown in
10 minutes. Growth rates as high as 16 ym/min were demonstrated with-
out degradation in lifetime. Control and reproducibility of resis-
tivity profiles were obtained by metering the dichlorosilane in gaseous
form. This method is adaptable to automated, computer-controlled
processing techniques.
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B. Cells Fabricated by the Growth of Single Epitaxial
Layers on Bulk Silicon - Silane Process
Our studies of single epitaxial layers forming a junction on bulk
silicon wafers have shown that the open-circuit voltage does not in-
crease as rapidly with decreasing bulk resistivity as the theory pre-
dicts. We have found that the junction I-V characteristics degrade as
the bulk resistivity approaches 0.1 ft—cm, indicating that defects are
present in the vicinity of the junction. This resulted in poor solar
cell characteristics of the highly doped material, in agreement with
previously reported work using diffusion technology.
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VIII. RECOMMENDATIONS
In order to realize the full potential of the epitaxial method of
solar cell fabrication, a number of areas should be explored in greater
detail. Since high open-circuit voltage and good fill-factors were
achieved with only moderate short-circuit current density (Jsc),
methods for increasing Jsc should be explored. Modest increases (^ 10%)
over the present cell response can be obtained with improved antire-
flection coatings and minimized metal coverage. To obtain substantial
improvement, Jsc at AM-1 ^ 33 mA/cm^, surface-layer profiles should be
explored in greater detail. Intentional surface-layer gradients put
in by epitaxy and diffusion should be experimentally studied.
A study of thicker base-layers containing gradients is recommended
for improved infrared response. In addition, further studies of a
range of gradients in both surface and base-layers should be made for
optimization of cell response.
A. Evaluation of Gradients in Base and Surface Layer
of Epitaxial Silicon Solar Cell Structures
1. Base layer gradients. An expanded study of the effect of
gradients in the doping profile of base layers on solar cell perfor-
mance. Examination of thickness as well as doping levels should be
made with thickness ranging from approximately 10 ym to 100 ym, and
doping levels at the junction ranging from 10^ to 10^ 7 A/cm3.
2. Surface layer profiles and gradients. To study the effects
of gradients grown epitaxially into the surface layer of both n/p and
p/n solar cell structures. More emphasis should be placed on n/p cells.
Both thin (^ 0.2 ym) and thick (^5 ym) surface layers should be ex-
amined.
B. Fabrication and Evaluation of Solar Cells
1. Solar cell fabrication. Using the information gained from
Section A, above, thin (_<10 ym) and thick (^ 100 ym) solar cell struc-
tures should be studied. Gradients in the base layers and/or surface
layers should be grown to optimize open-circuit voltage, short-circuit
current, and efficiency.
2. Radiation damage. The effect of radiation on epitaxial cells
should be studied to determine their suitability for space applications.
Experiments should be made with both n/p and p/n cells.
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3. Cell and material evaluation. The solar cell structures should
be examined by the techniques described below to characterize the junc-
tion and the surface layer profile so as to relate the structural and
electrical properties to the solar cell performance.
(1) Capacitance spectroscopy. To determine the presence
and type of deep level traps which limit lifetime and
affect I-V characteristics.
(2) Scanning electron microscopy - (EBIC). To determine
the uniformity of epitaxial layers, set limits on
large area cells, and identify defects which degrade
cell performance.
(3) Plasma resonance, surface C-V, and spreading resistance.
These methods should be employed as needed in an attempt
to characterize the impurity profile in the thin top
layers.
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APPENDICES
APPENDIX A
SOLAR SIMULATOR MEASUREMENTS
Indoor testing of the cells was conducted with the apparatus shown
in Fig. 37. The GE ELH lamp was calibrated for spectral output at regu-
lated lamp voltages of 90, 100, and 110 V using an EG&G PV 444A photo-
detector and narrow-band optical filters at a distance of 30.5 cm.
Response curves taken at each voltage compared with an approximate AM-1
spectrum are shown in Fig. 38.
APERTURE
VACUUM PUMP
VOLTAGE
IOOV REGULATED
AC SUPPLY
RECORDER
••VOLTAGE
BeCu
FINGER
CLIPS
Figure 37. Solar AM-1 simulator and cell mount.
The output was also measured as a function of distance from the
lamp over,"the range 10" to 60 cm and was found to vary as one over the
distance squared, as expected. This would allow for measurement of cells
at different intensities with the.same spectral content.
For solar cell measurements, it was decided to operate the lamp at
100 V to prolong the lamp life (expected life at 110 V is 30 h). The
integrated spectral power at a distance of 30.5 cm, when operating at
100 V, is 99 mW/cm2. However, the lamp output, when compared with the
AM-1 spectrum, is higher in the orange-red and lower in the blue-violet.
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DISTANCE* 30.5 cm
O.4 0.5 0.6 0.7 0.8
X (/Am )
0.9
Figure 38. Output response curves for GE ELH lamp compared
with simplified AM-1 spectrum.
The cell holder shown in the inset of Fig. 37 is a goldplated copper
block with holes for vacuum holddown of solar cells. For .temperature
stability a thermoelectric cooler and cooling fins (not shown) are
mounted on the rear of the block. The fingerclip arrangement is a bal-
anced current, modified (common-ground) four-point contact. The balanced
current contacts to each end of the cell cancels bus-bar voltages and
tends to keep the current distribution uniform over the cell area.
The dynamic load shown is used to measure cell current and provide
offset voltages for open-circuit and short-circuit current measurements.
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For calibration purposes a secondary standard cell provided by the
NASA-Lewis Research Center was measured prior to each run. Measurements
were made at 27°C.
Spectral response measurements were made by inserting a filter
wheel containing narrow-band calibrated optical filters between the lamp
and detector. To determine quantum efficiency (electron/incident
photon), the light is chopped at 520 Hz, and the voltage developed across
a 100-ft load in parallel with the detectors is measured as a function of
wavelength using a lock-in amplifier. The detector used was an EG&G PV
444-A photocell, supplied with certified quantum efficiency. The quantum
efficiency of solar cells was obtained by taking the ratio of the voltage
developed across the test cell at each wavelength to the voltage of the
EG&G PV 444-A detector.
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APPENDIX B
LIFETIME MEASUREMENTS
All of the lifetime data presented in the body of this report were
obtained by two junction recovery techniques: (1) open-circuit voltage
decay (ref. 23) and (2) reverse recovery method (ref. 24). These
methods are briefly discussed here with a description of the equipment
used in the measurements.
Both of these methods are useful in the case of solar cells as they
measure a lifetime of minority carriers injected by the junction after
fabrication, so that the lifetime measured relates to the final struc-
ture .
1. Open-Circuit Voltage Decay. - A schematic representation of the
basic circuit for open-circuit voltage decay measurement with a sketch
of the output voltage is shown in Fig. 39. For t < 0 the switch is
VD(t)
t=o
Figure 39. Schematic circuit and waveform associated
with open-circuit voltage decay method of
lifetime measurement.
closed and the junction under test is forward-biased to a voltage VQ.
For a p+/n junction, the minority hole concentration in the n region is
assumed to reach a steady-state value of pn before t = 0. At t = 0,
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the switch is opened and the junction remains forward-biased; the hole
density is now a function of time
P = Pn + Ap(t) (Bl)
where from the usual junction theory
p = p exp[qV/nkT] (B2)
and V is the instantaneous junction voltage.
*
If the assumption is made that the excess carrier concentration,
Ap, decays exponentially with time according to a single effective life-
time T , then
Ap = Ap e~t/Tp (B3)
Combining Eqs. (Bl) , (B2), and (B3), and solving for the junction
voltage
V(t) = — £n 1 + — - exp(-t/T )
q
 L Pn PJ
(B4)
where Ap is related to the junction voltage at t = o by
For t/Tp « 1 and if Vp is » than the thermal voltage, kT/q, Eq. (B-4)
may be approximated by
Vn - 22± t/r (B6)D q p
The initial voltage variation is linear in time with the slope in-
versely proportional to the lifetime, T . T is then given by
(B7)
*This assumption and the subsequent approximations may be more rigorously
justified. See, for example, B. Lax and S. F. Neustader, J. Appl. Phys.
25_, 1148 (1954). .
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Equation (B7) is the basic relationship used to obtain the lifetime
from an oscilloscope trace of the diode voltage vs time.
The above simplified theory does not take high injection effects
into account and assumes moderate injection conditions. Also, generation
in the space charge region and diffusion effects are neglected.
We have found that most junctions measured have a linear voltage
decay, and provided that the n factor is first determined from forward
I-V measurements, the lifetime obtained by this method agrees well with
that obtained by the reverse recovery method described below.
2. Reverse Recovery Method. - The basic circuit and waveforms for this
method of lifetime measurement are shown in Fig. 40. The junction is
forward-biased to a current, I-p, by supply V^, then at t = 0, the junc-
tion is reverse-biased by supply V"2. The amount of forward and reverse
biases is adjustable with R^ and R2- Under the assumption of a single
lifetime, Tp, the storage time Ts is a function of Tp, IF/!R and the
amount of stored charge remaining at the end of the storage phase Ts.
V| I
Figure 40. Circuit and waveform associated with the re-
verse recovery method of lifetime measurement.
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The method we have used for extracting lifetimes from measurements
of Ts as a function of Ip/lR is described by Kuno (ref. 24). The rela-
tionship between Tg and T , is given by Kuno,
T
S
 = VV - (B8)
where TR is related to the amount of charge remaining in the base region
of the junction at t = T .
s
, a straight lineIf Tg is plotted as a function of £n(l +
with slope T will result. Examples of data taken on solar cell struc-
tures having 1.3-ys and 13.2-ps lifetimes are shown in Figs. 41 and 42.
A - I
 F = 2 mA
O = IF = 2 O m A
TRR=l.3/is
SLOPE
IO IOO 20O
Figure 41. Data representing measurement of lifetime
by reverse recovery method for a lifetime
of 1.3 ys.
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40
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- 30
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I O
A IF = 2mA
o IF = 20 mA
IO 100
Figure 42. Data representing measurement of lifetime
by reverse recovery method for a lifetime
of 13.2 us.
We have found good agreement (^ 10%) between the two methods de-
scribed here. In addition, we have found that the relative order of
the measured lifetimes for solar cells is in agreement with the in-
frared spectral response, i.e., cells with longer lifetime have higher
quantum efficiency at long wavelengths.
3. Apparatus for Lifetime Measurement. - We have found that the Tek-
tronix type S "Diode Recovery" plug-in is very suitable for rapid
measurement of both open-circuit decay and reverse recovery lifetime.
The type S allows for five values of forward and reverse current from
1 mA to 20 mA. Open-circuit decay is simply obtained by a zero re-
verse current switch position.
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A special probe stage was built for the measurement of cells and
diodes in wafer form. It incorporated coaxial, shielded leads and a
soft (Be-Cu), rounded probe so that shallow junctions could be probed
without placing unnecessary pressure on the junction. Micromanipula-
tors on the probe and stage and a mounted microscope allow for align-
ment of the probe and diode under test.
For the case of small mesa diodes, the diodes were soldered to a
standard TO-5 header and a 2-mil-diameter aluminum wire was bonded to
the top metallization of the diode. This allowed a direct connection
of the TO-5 header to the input of the type S, thereby reducing stray
and lead capacitance.
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